We report on a molecularly imprinted hydrogel for the selective fluorescent detection of a targeting protein. To achieve the fluorescent detection of proteins, a fluorescent functional monomer was synthesized with fluorescein isothiocyanate and allylamine. The monomer (FITC-AA) provided a gradable alteration of the absorption spectrum, and a decrease of the fluorescent intensity due to an interaction with the model protein, lysozyme. Also, the imprinted hydrogel (PI-gel) was simply prepared with FITC-AA, the anionic functional monomers, poly(ethylene glycol) dimethacrylate, and lysozyme by radical photo polymerization. The PI-gel showed selective adsorption for lysozyme and the imprinting factor reached to 2.7. Additionally, the PI-gel indicated a gradual decrease of the fluorescent intensity corresponding to the lysozyme concertation similar to a competitive enzyme-linked immunosorbent assay detection.
Introduction
A selective detection of certain proteins is usually required for various fields, such as diagnosing, [1] [2] [3] detecting disease agents, 4 drug discovery, 5 and environmental assessment. 6, 7 As typical methods, an immune chromatography and an enzyme-linked immunosorbent assay (ELISA), which are based on detection by labeling with fluorescent tags, are widely utilized. These methods provide a significantly high separation selectivity by the protein-protein interactions and sensitive detection due to the labeled fluorescent tags. However, the aggregation and denaturation of the proteins caused by the labeling are still problematic. Also, using natural proteins (antigen-antibody) tends to drive up the cost and lower the chemical/physical stability. Therefore, another protocol without using real proteins and any labeling process is highly required for a simple and effective protein detections.
As a possibility to overcome the issues in the present detection methods for proteins, molecularly imprinted polymers (MIPs) are very reliable for the selective recognition of proteins. A MIP is well known as an artificial molecular-recognition material, and is used in a variety of fields. [8] [9] [10] [11] [12] [13] In recent studies, a number of approaches have been reported for the selective adsorption and detection of proteins. Takeuchi et al. reported on the effective detection of proteins using "post-imprinting", which employed the post reaction to enhance its adsorption selectivity. [14] [15] [16] [17] [18] Furthermore, glycoproteins have been effectively detected by the reversible interaction between boronic acids and sugars. 19, 20 In addition to these reports, several studies concerning protein detection using MIPs, especially by employing the fluorescent nano particles, have been reported. [21] [22] [23] [24] [25] In most of these studies, polyacrylamide-based hydrogels were employed for the MIPs because of a reduction of the nonselective adsorption toward proteins by the hydrophobic interaction. Similarly, we also achieved the selective adsorption of lysozyme, cytochrome c, and trypsin with a hydrogel prepared with a poly(ethylene glycol) (PEG) based polymer. 26, 27 In these studies, we aimed to achieve the greater flexybility and lower non-selective adsorption by using a PEG-based hydrogel compared to polyacrylamide-based hydrogels, since PEG provides higher mobility, a blockade toward ions, biocompatibility due to the hydrophilicity, and chemical/ physical stability. [28] [29] [30] [31] These several advantages seem to contribute not only to a lower non-selective adsorption, but also to the complete removal of template proteins. Unlike typical MIPs, complete removal of the template proteins is very hard because such biomolecules as proteins could not be broken out of the highly-crosslinked polymer network. [32] [33] [34] [35] [36] Therefore, we believed that a PEG-based crosslinker would be suitable for the rough network structure due to the relatively longer PEG spacer. In fact, our previous study clearly showed that the longer PEG spacer provided an easier removal of the template proteins. 27 As a result, selective adsorption of the template proteins was effectively achieved by the simple preparation of PEG-based protein imprinting gels. In this study, we focused on selective fluorescence detection of the targeting protein with a PEGbased imprinting gel using a newly synthesized fluorescent monomer as an application of our previous study. We examined the possibility for the label-free fluorescent detection of the template protein, like competitive ELISA detection.
Experimental

Chemicals and reagents
PEG 600 dimethacrylate (14G-DMA) was kindly donated by Shin-Nakamura Chemical (Wakayama, Japan) and utilized as received. Fluorescein 5-isothiocyanate (FITC), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), and allylamine (AA) were purchased from Tokyo Chemical Industry (Tokyo, Japan); sodium p-styrenesulfonate (SS) and 2,2′-azobis[2-(2-imidazolin-2-yl)propane] (AIZP) were from Wako Pure Chemical Industries (Osaka, Japan); lysozyme chloride was from egg white, cytochrome c from equine heart, and bovine serum albumin (BSA) from Sigma-Aldrich Japan (Tokyo, Japan); and other reagents were from Nacalai Tesque (Kyoto, Japan). Deionized water was obtained from a Milli-Q Direct-Q 3UV system (Merck Millipore, Tokyo, Japan).
Instruments
A UV-2450 (Shimadzu, Japan) as a UV-Vis spectrophotometer, IX71 (Olympus, Japan) as a fluorescence microscope, RF-5300PC (Shimadzu, Japan) as a fluorescence spectrometer, JNM-ECA500 (JEOL, Japan) as an NMR spectrometer, and Nicolet iS5 ATR (Thermo Fisher Scientific, USA) as an FT-IR spectrometer were utilized for the evaluating of the synthesized compounds and prepared polymers.
Synthesis of a fluorescent monomer (FITC-AA)
FITC (116.8 mg, 300 μmol) and 13.4 M AA (22.4 μL, 300 μmol) were dissolved in tetrahydrofuran (10 mL) and stirred at room temperature overnight. After removing the solvent by evaporation, the products were separated by silicagel column chromatography using n-hexane/ethyl acetate/ methanol = 15/85/1 as an elution solvent. Then, the isolated compound was dried in a vacuum, and identified by FT-IR and 1 H-NMR (amount 94.6 mg, yield 73.6%).
Alteration of the absorption and fluorescent spectra in FITC-AA with lysozyme
To confirm an alteration of the absorption spectra, FITC-AA of 0.57 μmol in 1.0 mM Tris-HCl buffer (pH 7.0) and lysozyme of 0.036, 0.071, 0.14, 0.29, 0.57, 1.14, 2.28 or 4.56 μmol were mixed with each other. The absorption spectra were obtained in a sample tube of 1.0 mL by a UV-Vis spectrometer. Here, three kinds of buffered solutions prepared with Tris-HCl (pH = 2.7, 7.0, 11.5) were employed to confirm the effect of the pH against a UV absorption. Additionally, the fluorescent intensies of the mixtures were also evaluated by fluorescence spectrometry with the excitation and emission at 488 and 520 nm, respectively, using a U-MWIB3 (Olympus) as a filter for excitation and PMA-12 (Hamamatsu Photonics K.K, Japan) for the detection of emission.
Preparation of the imprinted hydrogel
Similar to our previous study, 27 the protein imprinted gel (PIgel) and non-imprinted gel (NI-gel) were prepared as follows. According to a previous study, we confirmed the optimized composition of the hydrogel preparation. The crosslinker, functional monomers, fluorescent monomer, template, and radical initiator were mixed in a polypropylene tube, and then the homogeneous solution was degassed by N2 gas bubbling. The solution was poured into a Pyrex tube (60 mm × 9.0 mm i.d.), and photo polymerization was carried out under 365 nm for 3 h. After polymerization, the hydrogel was cut into a thickness of 1.0 mm.
Adsorption selectivity for proteins with the prepared gels
PI-gel, in which the template or lysozyme was completely removed by washing with a NaCl solution, was soaked into a lysozyme solution for 24 h. Then, the amount of adsorbed protein was estimated by determining the free protein concentration in the supernatant with UV-Vis spectrometry at 280 nm. To confirm the adsorption cross-reactivity toward other proteins, cytochrome c having similar pI and MW, BSA having acidic pI and larger MW, were also evaluated. The adsorption amount, adsorption ratio, and imprinting factor were estimated by the following equations.
Adsorption ratio = Pabs/Ptheo × 100 (%) Pabs = amount of adsorbed protein onto the gels (mol) Ptheo = amount of theoretical recognition sites (mol)
Imprinting factor = Adsorption ratio of PI-gel/Adsorption ratio of NI-gel
All the evaluations were repeated with 3 pieces of each gel.
Results and Discussion
Characterization of FITC-AA With fluorescein isothiocyanate (FITC) and allylamine (AA), the fluorescent monomer (FITC-AA) was successfully synthesized, as shown in Scheme 1. After isolation by column chromatography, FITC-AA was identified by FT-IR and NMR. The FT-IR spectrum provided specific absorption at around 1640 and 2800 cm -1 due to C=O and C-H stretching vibration, respectively (Fig. 1) . Also, all of the protons were assigned by 1 H-NMR and 1 H-COSY (Fig. S1 ). Then, a specific alteration of the fluorescent spectra in FITC-AA based on the interaction with lysozyme was examined. As is well known, the absorption spectrum of FITC is easily changed due to the pH conditions. Similar alterations were confirmed in our evaluation, as shown in Fig. 2a ; briefly, the λmax of FITC-AA was changed from 445 to 488 nm, depending on the pH changing from acidic to neutral. On the other hand, when we employed the lysozyme solution with FITC-AA under various pH conditions, a similar alteration of the absorption spectra was observed only in the neutral and basic conditions (Fig. 2b and Fig. S2 ), whereas no alteration was confirmed in the acidic condition. (Fig. S2) . In the neutral and basic conditions, the FITC moiety seemed to be changed by the interaction with lysozyme, so that a similar absorption alteration was confirmed as well as structural changing in the acidic condition. Figure 2c shows the alteration of the fluorescent intensity in FITC-AA upon adding lysozyme solutions in the neutral condition. Furthermore, the alteration of the fluorescent intensity for other proteins was also evaluated. As a result, much less alteration was observed for cytochrome c, which has a similar pI and molecular weight, as lysozyme. Trypsin provided a decreasing fluorescent intensity somewhat; however, a gradual alteration, like lysozyme, was not confirmed (Fig. S3) . Additionally, according to Figs. 2b and 2c, a suitable mole ratio between FITC-AA and lysozyme was estimated at one for one because both the spectrum alternation and fluorescent intensity became almost constant over one for one in the mole ratio. These results suggested that a decrease of the fluorescent intensity had occurred, which is applicable for the effective detection of lysozyme. To reveal the utility of PI-gel, lysozyme, cytochrome c, and BSA were employed for an adsorption experimental in this study.
Characterization of PI-gel
As in a previous study, FITC-AA was utilized for the detection of cyhalothrin using a microsphere. 37 They revealed that a quenching of fluorescent intensity toward the template protein was reported as well in this study. However, the PI microsphere was a "non-transparent" material. In this study, we focused on the preparation of a "transparent" hydrogel for an effective detection of the template protein, lysozyme.
After polymerization according to the compositions given in Table 1 , the PI-gel (lysozyme imprinted) and NI-gel, which was prepared without any template, were evaluated by observing the fluorescent intensity. The composition was determined by our previous study 27 and the above discussion, in which the suitable mole ratio between FITC-AA and lysozyme was one for one. As shown in Fig. 3a , a relatively strong fluorescence based on FITC-AA was confirmed in the NI-gel, whereas the color changing and lower fluorescent intensity were confirmed in the PI-gel. In this state, as well as Figs. 2b and 2c, FITC-AA was strongly interacted with lysozyme before the removal of lysozyme from the PI-gel; therefore a decrease of the fluorescent intensity was observed. On the other hand, a photo of the PI-gel after washing with 1.0 M NaCl to remove the template is shown in Fig. 3b . A comparison with the photo before the removal of lysozyme clearly indicated a significant alteration due to a breakdown of the interaction between FITC-AA and lysozyme. 
Selective adsorption and alteration of the fluorescent intensity
To confirm an imprinting effect of the PI-gel, static adsorption for the template, lysozyme, was carried out. A piece of the PIgel and NI-gel were immersed into a variety of concentrations of lysozyme solutions for 24 h, and then the adsorbed lysozyme was estimated by measurements of the free lysozyme in the supernatant. The results are summarized in Fig. 4a . As expected, the PI-gel showed a higher adsorption behavior, which seemed to be caused by the imprinting effect. Additionally, the cross-reactivity of the PI-gel for the other proteins were examined. Figure 4b shows the adsorption ratio for lysozyme, cytochrome c, and bovine serum albumin (BSA). As well as our previous study, the lysozyme imprinted PI-gel provided the higher selective adsorption effect for lysozyme, even though we employed a fluorescent monomer, whereas cytochrome c and BSA were scarcely adsorbed toward the PI-gel. Here, the monomers containing sulfo groups as well as FITC-AA should be effectively interacted with the basic proteins. Therefore, the template, lysozyme was selectively adsorbed in PI-gel. Interestingly, the pI and molecular weight of cytochrome c are 10.2 and 12.3 kDa, respectively, while the values of lysozyme are 10.8 and 14.4 kDa. Therefore, we assumed that the selectivity, depending on the molecular structure was effective revealed. Furthermore, the imprinting factor between the PI-gel and NI-gel for lysozyme reached to 2.7. This value also supported that the PI-gel had the selective adsorption ability for lysozyme by the molecularly imprinting effect. Finally, to confirm the possibility as a competitive ELISA-like detection, in which the fluorescent intensity of the gel becomes to decrease in response to the adsorbed protein by fluorescent quenching, due to the interaction with the protein, the fluorescent intensity of the PI-gel was measured by adding a variety of concentrations of lysozyme. As shown in Fig. 4c , a decrease of the fluorescent intensity corresponding to the increase of the lysozyme concentration was clearly observed. These results suggested the possibility that the fluorescent monomer containing the PI-gel can be used for the linear detection of a certain protein by competitive ELISA-like detection.
Conclusion
In conclusion, we successfully synthesized a FITC-based monomer and a lysozyme-imprinted hydrogel. The fluorescent monomer, FITC-AA, provided a gradual alteration of the absorption spectrum and fluorescent intensity by an interaction with lysozyme. Additionally, the lysozyme-imprinted PI-gel using FITC-AA showed a selective adsorption ability by the imprinting effect as well as our previous study, which indicated gradable decrease of the fluorescent intensity corresponding to the lysozyme concentration as a competitive ELISA-like response. We believe that the suggested concept is very straightforward and will be useful as a new tool for protein detections instead of ELISA.
